In this work we propose a technique of field polarisation modulation for determining degree of coherence for the circularly polarised waves. The processes of three-wave interaction are studied in connection with the problems of applied polarisation holography and, in particular, polarisation-sensitive diffraction gratings. We also demonstrate an important part of the reference circularly polarised wave in transformation of spatial polarisation distribution into a depth of visibility modulation of the resulting distribution, which can be metrologically estimated and analysed.
Introduction
Spatial periodical polarisation modulation of resulting field distributions represents one of important manifestations of coherence of the superposing fields and diagnostic indicators of their coherence [1] [2] [3] . The depth and the level of this modulation are related to degree of coherence and correlation of the superposing fields. Interconnections between the degree (level) of polarisation modulation of the resulting field and the coherence characteristics have been thoroughly studied within the framework of Stokes polarimetric approach in the approximation of plane waves [1, 2] .
Manifestations of coherence of the superposing wave for the case when the longitudinal z-component of the field has to be taken into consideration and the polarisation modulation of the resulting field occurs in the plane of incidence have been studied in a number of works [3, 4] . The possibilities for measuring the field coherence function and the metrological principles of correlation in the optical irradiation field, through estimation of the degree (level) of the field polarisation modulation, have been justified in the framework of this approach [5, 6] . As a consequence, the above works suggest a technique for determining the degree of coherence of linearly polarised fields, when the polarisation is distributed in a single plane, the plane of observation. The present work extends the methods suggested and demonstrates that they may be also used for the circularly polarised fields when the two polarised distributions are formed in two mutually orthogonal planes.
In particular, involving of a third (reading) wave allows one to reproduce information about the polarisation distribution in the recording plane and derive a coherence degree of the two orthogonally polarised waves, thus transforming polarisation distribution into the intensity one. The polarisation type of the third reading wave should be chosen according to a spatial arrangement of polarisation distribution under test. When two mutually orthogonal linearly polarised waves are superposed, the reading wave has to be plane and linearly polarised, because the polarisation distribution occurs in a single plane, the plane coinciding with the incidence one. On the other hand, one should choose a circularly polarised reading wave in case when the circularly polarised waves are interacting. Being represented by two linearly polarised waves, this reading wave provides information about the two spatial polarisation distributions, which are formed in two different planes, the incidence one and the plane perpendicular to it.
Thus, in the present study we suggest to extend the resources of metrological use of the spatial polarisation modulation field technique in estimating the coherence of superposing waves, by means of consideration of circularly polarised interacting waves, in addition to superposition of waves linearly polarised in the incidence plane. Those results would allow applying the theory of coherence to metrological uses and, in particular, would surely be useful in the applied polarisation holography and investigations of polarisation-sensitive systems, e.g. biological objects. In order to produce a wave with a desired wave front configuration and to produce a given polarisation, up to a vortex, one can employ a technique proposed in [7] .
It is known that vectorial (or polarisation) holographic gratings are produced by using a polarisation-modulated interference pattern over a conventional intensitymodulated one. The polarisation modulation is achieved via interference between asymmetrically polarised beams. Most of the works in this field have so far been directed at vectorial gratings obtained with the interference of orthogonal left and right circularly polarised beams [8] [9] [10] [11] [12] [13] [14] . An interesting and appealing property of these devices is their polarisation-sensitive diffraction efficiency. In fact, this polarisation selectivity depends exclusively on the ellipticity of incident probe-beam polarisation [8] . At the same time, linear photoinduced anisotropy would as well be sufficient for the fabrication of these devices. When using linearly polarised light, an optical anisotropy may be generated in polymer films containing photoactive groups, anisotropically photorefractive polymer systems, liquid crystals, etc. A photo-control of molecular orientation of such materials is of great interest for the optical data storage and production of, e.g., birefringent films and highly functionalised optical devices. Although any necessary spatial patterns of molecular reorientation may, in principle, be designed for the highly functionalised optical devices, novel types of those devices should use controllability of reorientation direction of mesogenic molecules.
Here a polarisation holographic technique represents one of sophisticated methods for solving the problem [15] [16] [17] . In frame of this technique, two coherent light waves with the orthogonal polarisations are used as writing beams. The interference pattern for the waves of equal amplitudes and orthogonal (linear or circular) polarisations is characterised with a constant intensity and a polarisation state, which is periodically modulated in space. As a rule, interaction of two orthogonal linearly polarised waves or two orthogonal circularly polarised waves of the opposite handedness is studied. Besides, polarisation gratings based on the orthogonal circularly polarised beams have been widely preferred over those using orthogonal S-and P-polarised beams, even though the latter configuration is the only one allowing formation of purely vectorial holographic gratings [18, 19] . While the interaction of mutually orthogonal linearly polarised waves is appointed to producing the purely polarisation gratings, the interaction of orthogonally propagating circularly polarised waves of the same handedness produces not only 2D polarised gratings, but also 3D amplitude-phase gratings, thus enabling one to control simultaneously a whole set of diffracted radiation parameters.
Utilization of an appropriate recording medium allows one to produce polarisation gratings for controlling both the polarisation state and the propagation direction of the interacting waves. Due to availability of a large variety of proper photosensitive recording materials [9, 11, 13] , the orthogonal circularly polarised waves are widely used when making the polarisation gratings. Photochrome films on the basis of bacteriorhodopsin (biochrome) represent an example of such a medium. These films may be used for recording the interference gratings written by orthogonally polarised beams, i.e. for implementation of the polarisation holography. Then the necessary light intensity is two orders of magnitude smaller than that required for recording the polarisation gratings in dyes.
On the other hand, the information contained in the polarisation distribution of interacting circular waves of the same polarisations can enrich essentially the ideas about the properties of optical fields. In the present work we report on the results of computer simulations for the superposition of circularly polarised waves. Our results provide novel facilities for determining the degree of coherence of the writing interacting waves and extend the recourses for forming spatial polarisation and amplitude-phase diffraction elements using the orthogonal circularly polarised waves.
Results of computer simulation
Let us consider a general enough case of the interference of circularly polarised waves, with an angle  2 between the initial waves (
E  and (2) E  ) and the third reference wave (
E  ) propagating perpendicular to the recording plane (see Fig. 1 ).
The modulated electric field is formed as a result of superposition of x-and zcomponents ( 1 R  ) and y-and z-components ( 2 R  ). The electric field distribution for the xand z-components in the observation plane is given by
Here the phase differences between the components of the interfering waves in the recording plane are 
where 2 sin
. The change, from zero to  , in the phase difference of the interfering waves at different points of the observation area brings about the corresponding change in the polarisation state and the spatial modulation of the polarisation distribution. It is known [5, 6] that the time-averaged intensity distribution of a random electromagnetic field formed at some point of time t by the sources 1 2 3 , , Q Q Q    and observed at a point r  in the observation plane may be written as
(1 
Here i, j = x, y, z, the parameters 
W Q Q t W Q Q t W Q Q t W Q Q t W Q Q t W Q Q t W Q Q t W Q Q t W Q Q t W Q Q t E Q t E Q t E Q t E Q t E Q
                                          * * * * * * * * ) ( , )( , )
t E Q t E Q t E Q t E Q t E Q t E Q t E Q t E Q t E Q t E Q t E Q t E Q t E Q t E Q t E Q t
where the fields are determined by the random complex vectors ( , ) 
are the phase differences of the corresponding fields at the recording plane, and 1
represent the distances between the point r  and the source centres. At first, let us consider a superposition of two absolutely coherent circularly polarised waves with the same rotation directions of their electric (magnetic) field vectors, which converge at the angle of 90 (Fig. 2) . This manifests itself in some spatial intensity distribution formed by the x-, y-and z-field components (for instance, ycomponent in our case). At the same time, the other two components, being mutually orthogonal, set some constant intensity (the background level) influencing the visibility of the pattern.
Then the visibility may be calculated in the same manner as for a standard case when two circularly polarised waves of the same handedness interfere at the angle of 90 [5] :
whereas the spatial polarisation distribution is given by Eq. (1), with 3 0
x E  and 3 0 z E  . Because of the absence of any visibility distribution modulation (see Fig. 3 ), one
Introduction of the reference wave propagating perpendicular to the observation plane, changes the spatial distributions of both the intensity and the polarisation state. The pattern of visibility distribution changes whenever the azimuth of the reference wave does (e.g., for the cases of 0    , 45 and 90 ). Changes in the phase of the reference wave inside the interval 0..2 result in periodical changes of the visibility of the recorded interference pattern, which follow the harmonic law [5, 6] :
(1,3)
Here 1  and 2  are the phase differences between the two initial superposing waves and the reference wave. The visibility modulation depth (VMD) is determined as
Assuming that the reference wave is completely correlated with one of the initial waves (say, (1, 3) 1   ), one can see that the VMD of the interference pattern characterises, up to a constant dependent on the intensity values, the degree of mutual coherence of the reference wave and the second of the initial waves, i.e. (2, 3) M   .
Taking into account the relation
properly choosing the intensities of the interfering waves one can set the parameter (1, 2)  such that it would be determined by the VMD of the interference pattern, (1, 2) M   .
In other words, the change in the phase of the reference wave leads to a spatial intensity modulation. The influence of one of the components (x-component) on the resulting intensity distribution increases. This allows to set the VMD and estimate the degree of coherence of the corresponding fields. Using a trial-and-error method for determining the amplitudes of the field components, one can obtain the maximum V=0.5 (2) and (4) curves in the upper right part show respectively the modulations of the z-, x-and y-components, and (3) one corresponds to their superposition. Negative coordinates x are due to the fact that the reference point "0" corresponds to the initial convergence point of the waves, where the resulting polarisation is linear and the phase difference zero.
(minimum) VMD values at certain points of the observation area. The latter would enable estimating the coherence degree of the initial superposing waves with the formula (1, 2) M   . Here the field polarisation state becomes more complex. One can distinguish the two distributions in the two mutually perpendicular planes, the incidence plane and the plane perpendicular to it, which are linked to the changes in the phase difference between the x, z and y, z-field components at different points of the observation area.
V=0.8 Fig. 4 . Scheme demonstrating the intensity modulation and the spatial polarisation modulation for the case when two coherent, orthogonally propagating circularly polarised waves of the same handedness and intensity are superimposed with a third reference wave elliptically polarised at the azimuth of 45 . The notation is the same as in Fig. 3 .
Introduction of a linearly polarised reference wave ( 0    ) changes the x-and ycomponents of the resulting field and causes some intensity modulation, though with no means for obtaining simultaneously a zero value for all the components. An increase in the portion of the x-component leads to increasing visibility of the interference pattern due to decreasing background intensity, partially as a result of reduced influence of the y-component. In order to obtain the maximum VMD, it would be necessary to achieve simultaneously a maximum (minimum) value of all the three field components at some chosen points of the observation area, which might be expected for different polarisation of the reference wave and the corresponding choice of the intensities.
If the reference wave is elliptically polarised at the azimuth of 45 o , we obtain the intensity distribution for which the VMD virtually corresponds to the coherence degree (see Fig. 4 ). 
M  
). The notation is the same as in Fig. 3 .
The increase in the azimuth of the reference wave up to 90 forms a circularly polarised wave, and its superposition with the initial waves provides both a zero phase difference, leading to formation of a linearly polarised state, and zero intensity at certain points of the recording plane.
In this case we achieve the VMD which is equal to unity (Fig. 5 ). This value corresponds to the degree of coherence of the initial waves. The polarisation modulation determined by alignment of the phases of the field components becomes more complex. Then the depth of the polarisation changes, which corresponds to the depth of the intensity modulation, defines exactly the correlation properties of the initial superposing waves.
Conclusions
We have shown that the technique suggested in the work [6] for determining the coherence properties of orthogonal linearly polarised waves could also be applied for estimating the degree of coherence of circularly polarised coherent waves. Here the characteristic features of the polarisation changes are transformed into the corresponding spatial modulation of the visibility. There is no doubt that the technique proposed in this work and based upon utilization of the circularly polarised waves should be useful for solving many problems of applied polarisation holography and obtaining polarisationsensitive diffraction gratings. 
